The ablation characteristics of carbon-doped glycerol were investigated in laser plasma propulsion using a pulse laser with 10 ns pulse width and 1064 nm wavelength. The results showed that with the incident laser intensity increasing, the target momentum decreased. Results still indicated that the strong plasma shielded the consumption loss and resulted in a low coupling coefficient. Furthermore, the carbon-doping gave rise to variations in the laser focal position and laser intensity, which in turn reduced the glycerol splashing. Based on the glycerol viscosity and the carbon doping, a high specific impulse is anticipated.
Introduction
Laser plasma propulsion is a new type of propulsion technology developed with the aim of small satellites performing new tasks at lower cost than those conventional satellites [1] [2] [3] [4] [5] [6] . During laser plasma propulsion, the laser irradiation of a target surface yields strong plasma ejection and a thrust force is induced in the opposite direction. In this case, the properties of the propellant (metals, polymers and liquids) have a remarkable effect on the thrust performance [7] [8] [9] [10] [11] [12] [13] . Liquid propellants have high thrust and high coupling coefficient and are therefore considered very promising materials. Nevertheless, for all liquid propellants, serious sputtering behavior is observed in ablation, and a consumed volume percent is up to 95%. Almost all of the liquids are unionized and ejected with the plasma generation, which results in an extremely low specific impulse only tens of seconds [8, 9] . Many methods have been employed in an attempt to increase the specific impulse as well as the coupling coefficient. For example, the correlation between the viscosity of a liquid and the propulsion efficiency has been determined [14, 15] . Moreover, the carbon powder (the diameter between 100 and 130 nm) has been proposed as a doping material to increase the liquid viscosity so as to reduce the splashing [12, 16] . Considering both the high doping and the high absorption ability of carbon, carbon-doped glycerol has recently been proposed [12] .
In this study, liquid glycerol doped with carbon powder was used as a propellant for ablation and a nanosecond pulse laser with a wavelength of 1064 nm was used as the ablation source. The coupling coefficient, specific impulse as well as the droplet distribution after ablation were measured. Furthermore, the ablation characteristics are discussed based on the volume consumption and droplet distribution.
Experiments
A 3×8×5 mm 3 aluminum cuboid container was used in the experiment. The liquid glycerol was placed in a cuboid cavity with a depth of 2.5 mm and a diameter of 1.5 mm. The pulsed laser used in the experiment is a Q-switched Nd:YAG laser. The width of the pulse was 10 ns and the wavelength was 1064 nm. The size of the laser beam is about 8 mm and divergence is less 1 mrad. The laser was directly focused to the cavity bottom by a focal lens ( f = 200 mm, Φ = 50 mm).
A schematic of the target velocity measurement and laser focus into cavity shown in figure 1 .
As shown in figure 1 , the target velocity was the ratio of the distance between the two beams D ( ) l to the time width D ( ) t between the two signals. Under this case, the distance Dl was easier to be controlled than previous devices [17, 18] , in which two parallel beams and one probe beam were used.
The ablation consumption induced by the laser pulse was directly measured by a balance with an accuracy of 0.01 mg. Because the mass loss is very minor for every shot, every experimental data was averaged by 10 times. The carbon powder were directly added to the glycerol. Prior to the ablation, the composite liquid was dispersed by a magnetic stirrer for 10 min, the contents were 0.1, 0.5, 1, 3 and 5 wt%, respectively. In order to obtain the distribution, a glass layer of 1 mm (thickness)×40 mm (diameter) from the target surface of 45 mm was placed as the reception screen. The size, morphology and distribution area of the droplets were obtained. Figure 2 shows the target momentum induced by laser pulses at different incident laser intensities for ablation 1% carbondoped glycerol.
Results and discussions
Interestingly, it is noted that when the laser intensity increased from 0.9×10 9 to 1.7×10 9 W cm −2 , the target momentum decreases from 6.5 to 3.3 g cm s −1 . The target momentum increases slightly only at intensity value over
. In order to investigate this phenomenon, the coupling coefficient and the specific impulse were measured as shown in figure 3 . It is well-known that the coupling coefficient is defined as the ratio of the target momentum to the incident laser energy. And the specific impulse is the ratio of the target momentum to the consumed glycerol mass. In this experiment, different intensities were realized by changing the incident laser energy for the same focal area. It can be seen from figure 3 that the coupling coefficient accordingly decreases from 145 to 41 dyne W −1 with the increasing intensity. For this case, it can be deduced from the definition of the coupling coefficient that the decrease of the momentum is attributed to the decrease of the coupling coefficient. As the figure 3 shows that laser intensity has an obvious impact on the specific impulse and only a few seconds of the specific impulse are observed. Furthermore, the relationship of the coupling coefficient and the specific impulse is in disagreement with the inverse relationship between them [19] . With increasing laser intensity, they have a similar tendency. This is because, for liquid ablation, the glycerol ejection mainly determine the target momentum rather than the induced plasma. In laser ablation, especial for liquid propellant, the target momentum or thrust force depends largely on the ejection of the unionized droplets. The effect of other phenomena such as boiling and plasma itself is minor.
During laser pulse interaction with target, target properties have a significant effect on the thrust. Difference from the solid target, a high coupling coefficient is generally obtained due to the splashing behavior and most of the unionizedliquid ejection. Companying with the liquid splashing, a very low specific impulse is obtained. However, this value can reach a few hundred for ablation solid propellants [9] . For low viscosity liquids, such as water, the coupling coefficient and specific impulse always present a proportional relationship [20] . If the thrust source is only coming from the plasma expansion, an inverse relationship is presented between the coupling coefficient and the specific impulse. For example, during laser ablation of a solid target in a vacuum condition, specific impulse exhibits a strong inverse proportionality to the coupling coefficient [21] . In current experiment, the ablation efficiency at different laser intensity varies as shown in figure 4. It changes from 2.7% to 0.5% under the experimental intensities. And the thrust comes from both the plasma expansion and the ejection of the unionized droplets.
It is found that some carbon-doped glycerol still remains in the cavity after ablation, and the residual volume increases with laser intensity increasing. Figure 5 shows that the consumption volume and the relative percentage (shown in the inset) both decrease with increasing laser intensity. In fact, the percentage of 85% and 72% occurrence at intensities of 0.9×10 9 and 1.0×10 9 W cm −2 , indicate that a significant fraction of the volume is consumed at low intensity.
Therefore, the higher the laser intensity, the less the volume was consumed. This is because the doped-carbon inhibits laser beam focus on the glycerol interior. And this inhibition leads to variations of the laser intensity, which yield in turn different coupling coefficients and specific impulses. As the plasma is induced on the glycerol surface, the laser intensity is lower than that of induced in the interior. A lower mass ejection results in a low coupling coefficient.
Carbon at high wavelengths of 1064 nm showed high absorption [22] . At medium laser intensity, plasma shields more laser energy interaction with glycerol. At higher intensity, this plasma shielding effect increases due to the ionized ambient gas localized in the front of the plume [7] . Thus, the target momentum and coupling coefficient both decrease. The shielding effect is related to the duration of the laser pulse [23] , i.e., the shielding effect becomes more intense with the pulse duration increasing. For the nanosecond laser pulse used in the current experiment, the plasma is induced by the pulse front edge, and the tail part of the pulse will interact with the plasma. This prevents direct interaction between the energy and the glycerol, resulting in low glycerol consumption. Based on the definition of the specific impulse, it is expected that a high specific impulse is obtained for a low mass at a given target momentum. Therefore, a high intensity and a long laser pulse are anticipated for a high specific impulse. Typical images of the droplet distribution on the glass layer are shown in figure 6 . For pure glycerol, the pulse can be directly focused on the cavity bottom. However, for 1% carbon doping, the carbon inhibits the pulse penetration and the laser is induced on the glycerol surface. Under this case, the laser spot is larger about 1 mm, and the intensity accordingly become slower about 1.7×10 9 W cm −2 . It can be seen that the distribution is correlated with both the laser intensity and the doped-carbon. For example, the average size and distribution area of the pure glycerol shown in figures 6(a)-(f) are both smaller than those of the carbon-doped glycerol, shown in (A)-(F). Moreover, compared with that of its non-doped counterpart, the size of the carbon-doped glycerol is more sensitive to the laser intensity. This is especially evident in figure 6(c) , which reveals that the droplets begin to agglomerate into a large droplet, and the size of some droplets is approximately 0.6 mm. Droplet agglomeration is attributed to carbon doping, which increases the viscosity of the glycerol. To lower this viscosity, some water was added to the carbon-doped glycerol during the experiment. The results shown that with increasing water volume, the average size and distribution area approach those of the pure glycerol. Furthermore, the doped-carbon causes the laser ablation position vary from the glycerol interior to the surface, resulting in plasma induced on the surface and a nonuniform droplet distribution. Figure 7 shows the dependence of the specific impulse and coupling coefficient on the carbon contents. On one hand, both the specific impulse and coupling coefficient are related to the target momentum, so a similar tendency is presented. On the other hand, the carbon content has a strong effect on both of them. For example, the coupling coefficients are 374 and 52 dyne W −1 , the specific impulse are 10.7 and 1.5 s for pure glycerol and 5% carbon-doped glycerol respectively.
Conclusions
The target momentum, coupling coefficient, specific impulse and droplet distribution were determined for nanosecond pulse Figure 6 . Distribution of the droplets for pure glycerol (a)-(f) and carbon-doped glycerol with 1% content (A)-(F) ablation by laser intensity of 0.9×10 9 Coupling coefficient (C m ) and the generation of specific impulse (I sp ) at different carbon contents.
